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Abstract 
 
The Boulder Creek Critical Zone Observatory (BcCZO) aims to understand the 
history, architecture, and evolution of hillslopes found within the diverse 
topography and climate regimes of the Colorado Front Range.  Here, I present the 
results of a systematic study that documents spatial patterns of mobile regolith 
thickness and uses concentrations of meteoric 10Be to assess the mechanisms and 
time scales of sediment transport and storage in Gordon Gulch, a mid-elevation 
watershed representative of topography throughout the region.  Gordon Gulch lies 
within the unglaciated portion of the Front Range and is hypothesized to be in long-
term steady state evolution.  This 3.7 km2 watershed is characterized by soil 
mantled hillslopes with a high degree of surficial variability due to prominent 
bedrock outcrops (tors) on ~10% of slopes and intermittent gullying.  Varying 
fracture spacing, rock strength of the local bedrock, and topographic slope, 
curvature, and hillslope aspect provide distinctive lenses through which to interpret 
the recent and long-term evolution of hillslopes in this basin.  Our analysis of over 
200 soil pits reveals high variability in mobile regolith thickness, which we define as 
the depth to immobile weathered bedrock and/or saprolite. We combine our 
analysis of regolith thicknesses on hillslopes with mapping of toe slopes, alluvial 
fans, stream terraces, and colluvial fills to understand sediment storage in the 
watershed. In general, the mobile regolith cover is similar on both slopes, and a 
thickening of mobile regolith occurs on the toes of steep north-facing slopes. 10Be 
derived residence times indicate a redistribution of mobile material on north-facing 
slopes, and widespread transport efficiency on south-facing slopes. These data also 
 iii 
suggest a decoupling of the hillslopes from the drainage channel due to the lack of 
thin/bedrock mantled slopes expected to evolve in response to a migrating 
knickpoint in the central stream and relatively young (~21 ky) residence times. In 
addition to meteoric 10Be analysis, carbon-14 dating provides further constraints of 
the age, rates, and timing of sediment transport, storage, and removal from the 
watershed. The possibility that the current state of Gordon Gulch hillslopes is 
governed by a combination of transient response and steady-state condition is 
supported by mapping within the lower Gordon Gulch stream valley, which 
indicates a larger volume of sediment is stored within Holocene alluvial fans and 
toe-slopes at the base of north-facing slopes than within similar features at the base 
of south-facing slopes.
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1. Introduction 
 
Hillslopes have been the focus of landscape studies ever since they were first 
qualitatively and quantitatively described over 100 years ago (Gilbert and Dutton, 
1880; Davis, 1892).  Modeling and predicting hillslope evolution has become an 
important, yet complex practice in the field of geomorphology.  Detailed field studies 
combined with geochemical analyses of present day hillslopes yield valuable 
insights into the current and recent evolution of hillslopes around the world in 
diverse climatic, lithologic and tectonic settings.  Understanding hillslope dynamics 
and their direct linkage to topography and external factors such as climate is key to 
quantifying basin-scale changes in sediment transport (Dixon et al., 2009b; Roering 
et al., 1999).  Recent hillslope evolution studies have emphasized the importance of 
assessing elements of hillslope morphology such as soil thickness, slope, and 
curvature when attempting to constrain the efficiency of sediment production and 
transport within a basin (Heimsath et al., 2012; Pelletier and Rasmussen, 2009).  
The time scales over which these processes operate are key in understanding how 
hillslopes evolve. 
Hillslope form is coupled to the channelized drainage network that works to 
remove material from the surrounding slopes and transport it downstream.  
Channel incision, by setting the lower boundary for evolving hillslopes, has an effect 
on hillslope mechanisms and properties such as erosion rate, soil production rate, 
and soil thickness (Mudd and Furbish, 2007).  This coupling of systems can be 
further understood by quantifying the volumes and storage of sediment as it moves 
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from hillslopes into the channel network and utilizing naturally occurring isotopes 
to trace material as it migrates through the landscape (Norton et al., 2008). 
The study of soil-mantled landscapes revolves around quantifying the 
hillslope material that drapes them.  In unglaciated landscapes, the majority of 
hillslope sediment is bedrock-derived regolith.  Regolith forms as fresh bedrock 
weathers and breaks down beneath the surface.  At depth, regolith is not affected by 
hillslope transport mechanisms and lies essentially immobile; closer to the surface, 
it becomes detached from the zone of in place, weathered bedrock and is more likely 
to move downslope.   Collectively, this mobile regolith comprises a layer of 
unconfined, draped material composed of variably weathered bedrock products, 
weakly developed and mixed soil horizons, and windblown dust (Litaor, 1987).  In 
addition to the physical rock component, the mobile regolith layer at any given point 
on a hillslope contains minerals, nutrients, organic matter, biota, and water—some 
of which could be housed on the hillslopes for as little as minutes or as long as 
millions of years (Brantley, 2008).  The complex interactions between all of these 
elements have been quantified and modeled in numerous ways, with the goal being 
a better understanding of how the mobile regolith layer evolves over time (Minasny 
et al., 2008; Roering et al., 2001; Dixon et al., 2009a).  
The production and transportation of mobile regolith is of particular interest 
because of the direct implications for the evolution of landscapes (Anderson, 2002; 
Thomas, 2001).  The rate at which regolith becomes available for transport via 
weathering and detachment from the underlying fresh bedrock is proportional to 
the overlying mobile regolith thickness; variations in thickness therefore imply 
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dissimilarities in the efficiency of local erosional processes (Heimsath et al., 2001).  
Classically, hillslope sediment transport has been modeled to be linearly dependent 
on slope and independent of mobile regolith thickness (Culling, 1960; McKean et al., 
1993; Small et al., 1999).  More recently, integrating a regolith depth-product factor 
has been found to accurately model the complex transport function dependences, 
even when taken from a wide range of climatic and tectonic settings (Heimsath et 
al., 2005). It is therefore critical to not only accurately assess the variable thickness 
of mobile regolith cover throughout a basin, but to also account for the time scales 
and patterns of its movement (Ma et al., 2013).  
 Fallout radionuclides are useful in constraining rates of mobile regolith 
production, storage, and erosion, which operate on the time scale of hundreds to 
thousands of years (Bierman and Steig, 1996; Clapp et al., 2002; Bacon et al., 2012; 
Heimsath et al., 1999).  These isotopes originate in the atmosphere, as opposed to 
within the crystal lattice of a mineral at the earth surface, and are viewed as part of 
an ‘open system’ because of their inherent ability to diffuse through the soil column 
from the top down, allowing for a total inventory to be determined and related to a 
mobile regolith residence time (Pavich et al., 1985).  One such isotope is meteoric 
10Be, the application of which has seen a recent influx of data collected worldwide 
(Reusser et al., 2010; Jungers et al., 2009; Wyshnytzky, 2011; Blanckenburg et al., 
2012).  These studies include using meteoric 10Be as a specific tracer of hillslope 
sediment flux, vertical mixing and residence time (Jungers et al., 2009).  Meteoric 
10Be has a long half life (1.36 Ma) and stays attached to grains within mobile regolith 
for long periods of time when compared to much shorter lived fallout radionuclides 
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(7Be, 137Cs, 210Pb)(Kaste et al., 2007; Walling et al., 2003).  Studies employing 
meteoric 10Be provide an important contribution to the growing understanding of 
the isotope’s behavior within variable pedogenic and climatic regimes (Graly et al., 
2010). 
 In this study, I assess spatial variability in both mobile regolith thicknesses 
and meteoric 10Be inventories within Gordon Gulch, a small 3.7 km2 tributary 
catchment that is representative of watersheds found throughout the Colorado 
Front Range.  Data from over 200 soil pits, 40 of which were sampled for meteoric 
10Be, provide the basis for interpreting mobile regolith thickness, sediment storage, 
residence times and the timing and pattern of downslope sediment transport.  I 
combine the physical characterization of mobile regolith with the results of the 
isotopic data to gain a more complete understanding of sediment transport and the 
factors that impact its present day variability within Gordon Gulch as well as the 
conditions occurring in the past leading to today’s configuration. 
 
2. Background 
2.1 Setting  
 The Boulder Creek Critical Zone Observatory (BcCZO) was established in 
2007 with the goal of using interdisciplinary science to learn more about the web of 
interactions between rock, soil, water, air, and life.  Located within the Front Range 
of the Colorado Rockies, the extent of the BcCZO stretches from the range front 
immediately adjacent to the Great Plains up to the continental divide in the alpine 
region (Anderson et al., 2008).  Figure 1 shows the three representative watersheds 
5 
 
researched by the BcCZO, each existing within a distinct weathering regime: the 
high elevation, snow and ice influenced alpine (Green Lakes Valley), the deeply 
incised range front canyons (Betasso), and a mid-elevation zone characterized by 
relatively low relief and variably weathered regolith-mantled hillslopes (Gordon 
Gulch).  Uplifted during the Laramide Orogeny ~50 million years ago, the Front 
Range has since been molded by glacial erosion and sedimentation, post-glacial 
landscape response, and fluvial incision and exhumation in response to base-level 
change (Anderson et al., 2006).  Levels of fluvial terraces near the range front have 
been linked to periods of intense generation and transport of material derived from 
hillslopes throughout the upland watersheds which feed the rivers exiting the 
mountains during glacial periods and subsequent downcutting during interglacials 
(Dühnforth et al., 2012).  Understanding the controls on weathering and the post-
glacial landscape response is therefore important in basins such as Gordon Gulch, 
which is representative of this topography and the focus of this study.  
The mobile regolith cover of Gordon Gulch is derived from the dominant 
parent material of Proterozoic biotite gneiss that is intruded in a few locations by 
the 1.4 Ga Silver Plume granite (Madole, 1969).  Exposed bedrock outcrops called 
tors are prominent near the basin ridgeline and are composed primarily of 
Precambrian garnet-bearing gneiss.  The presence of tors likely indicates the 
remnants of differential weathering and a disparity between erosion rates and 
bedrock weathering rates (Trotta, 2010).  Weathering and erosion in Gordon Gulch 
is likely to have been governed by periglacial processes in the past, as the basin lies 
just outside of the furthest local extent of the last Pleistocene glacial maximum 
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(Dethier et al., 2012) (Figure 1).  During glaciation, the upper montane zone where 
the basin is located would have been subjected to wetter and colder conditions than 
the current ~55 cm mean annual precipitation and 5.6ºC mean annual temperature 
(Birkeland et al., 2003).  In a local climate model proposed by Anderson (2006), 
glacial periods trigger a maximum decrease in mean annual temperature of 4°C, 
spread over 90% of the time of the glaciation, suggesting that cold climate, 
periglacial processes may have dominated much of the Pleistocene.  
 
2.2 The role of hillslope aspect  
The primary drainage stream bisecting Gordon Gulch runs west to east, 
separating the basin into north- and south-facing slopes (Figure 2; Figure 3).  This 
aspect dichotomy leads to variable insolation on the slopes--in short, providing the 
north-facing slope with less solar energy.  This results in a longer persisting 
snowpack on the north-facing slope and more available soil moisture (Figure 2a) 
(Anderson et al., 2011).  The way in which moisture is delivered to deeper 
subsurface levels also varies, with water being only episodically delivered along 
preferential flow paths on south-facing slopes, while north-facing slopes 
experienced prolonged delivery of water to greater depths (Hinckley et al., 2012).  A 
stark difference in vegetation speciation exists between the slopes as well, with 
sparse ponderosa pines (Pinus ponderosa) dotting the south-facing slope and dense 
stands of lodgepole pine (Pinus contorta) populating the north-facing slope (Figure 
2a).   
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This inherent topographic effect of variable aspect plays a major role in the 
structure of critical zone morphology.  Differential weathering of the opposing 
slopes has been inferred from geophysical experiments, with fresh bedrock 
occurring at much greater depths on the north-facing slopes (Befus et al., 2011; 
Leopold et al., 2013).  Similarly, observed soil characteristics at this elevation 
indicates more highly enriched O and A horizons on north-facing slopes due in part 
to additional available water (Birkeland et al., 2003).  
 
2.2 Mobile regolith flux  
 Mobile regolith flux can be considered in three dimensions: vertically, where 
a weathering front frees highly weathered but in place bedrock, known as saprolite, 
from the bottom up, while erosion lowers the surface from the top down; as well as 
downslope, where freed particles and dissolved constituents migrate freely 
(Anderson et al., 2007) (Figure 4).  Physical and mechanical weathering processes 
are constantly breaking down and altering rock, supplying transportable material to 
the mobile regolith layer.  In Gordon Gulch, one such process is frost cracking and 
heaving – a prominent weathering mechanism that depends on the variable freezing 
of water as it migrates through the weathering front (Anderson et al., 2012).  The 
efficiency of frost cracking is dependent on multiple factors, including mean annual 
temperature, depth in the regolith column, and water content in the soil.  North-
facing slopes are colder on average (Anderson et al., 2012) and transmit more water 
to greater depths more frequently (Hinckley et al., 2012), causing a discrepancy in 
frost cracking efficiency between north- and south-facing slopes. 
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After weathered bedrock becomes detached and enters the mobile regolith 
layer, it becomes vulnerable to transport by a variety of different processes such as 
soil creep, frost heave, rainsplash, animal paths and burrowing, and tree throw.   
These processes have been observed and studied in many soil mantled landscapes 
around the world, and are responsible for mechanically mixing soil profiles within 
the mobile regolith layer and gradually transporting sediment downslope in the 
presence of a topographic gradient (Schaetzl and Anderson, 2005)(Young and Rapp, 
1978; Roering et al., 1999; Anderson, 2002; Gabet and Dunne, 2003; Roering and 
Gerber, 2005; Yoo et al., 2005; Gabet et al., 2005).  Hillslope sediment transport 
rates are often difficult to assess because of the necessity to sum minute movements 
from processes like rain splash across a large area and the variability of velocity 
with depth (Anderson et al., 2007).  Many authors, however, have been able to show 
that transport rates correlated to surface gradient, and one such model 
incorporated concentrations of meteoric 10Be in the soil to quantify regolith flux 
rates (McKean et al., 1993; Roering et al., 1999).   
The small, individual events implied by these transport mechanisms are 
collectively modeled by hillslope diffusion, with transport efficiency (diffusivity) 
regulated by the size and frequency of the individual processes that are considered 
relatively continuous through time.  Additional hillslope transport processes in 
Gordon Gulch include overland flow, which acts on short time scales but larger 
areas, relying on extreme environmental events (i.e. prolonged, intense 
precipitation) to occur.  These events can cause periodic spikes in surficial erosion, 
resulting in large quantities of sediment to be relocated downslope (Prosser and 
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Rustomji, 2000).  All of the hillslope processes in Gordon Gulch are likely to be 
accelerated following disturbances such as forest fire or logging, which works to 
reduce cohesion and increase the efficiency of hillslope transport processes for 
some period of time, particularly overland flow and rainsplash.  Forest fires have 
affected hillslopes across the Front Range throughout the Holocene (Moody and 
Martin, 2009a); logging, mining and land clearing only within the last 200 years 
(Veblen and Lorenz, 1986). 
 
2.3 Sediment storage 
Although sediment on the hillslopes is constantly in flux, it is helpful to think 
of the mobile regolith as being stored in various sinks and reservoirs before being 
evacuated by the fluvial system.  These sediment sinks and reservoirs are all 
interconnected-- sediment generated at the ridge top can be transported down a 
side slope, into a gulley, and eventually be deposited into an alluvial fan or terrace 
before exiting the basin.  The time scale for which sediment resides in the basin is 
completely dependent on the size of the sediment reservoirs and the efficiency of 
local transport processes (Dietrich et al., 1982).  Assessing sediment volumes is 
useful in comparative studies that examine fluxing efficiency via the ratio of 
sediment leaving the basin versus sediment stored.  Determining relative sediment 
yields can help to determine the role that large-scale disturbances such as fires or 
human-induced logging play in transmitting material (Moody and Martin, 2009b; 
Beschta, 1978).  In Gordon Gulch, modern sediment yields are low, owing in part to 
the dry climate and ephemeral nature of stream flow (Anderson et al., 2012). 
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Mediums of sediment storage within Gordon Gulch have been researched in 
the past to a minimal extent, with no definitive delineation or volume quantification. 
Warrell (2011) assembled a preliminary field map of fluvial terrace levels 
surrounding the active channel, accounting for sediments likely deposited during 
periods of increased load from upstream glacial and periglacial activity.  Alluvial 
fans store hillslope sediments transported via gullies and hollows for extended 
periods of time.  Anomalously thick toe slopes are also known to occur at the bases 
of slopes and can act as sinks for large amounts of transportable sediment (Graham 
et al., 1990).  As part of the detailed hillslope analysis presented here, I include a 
geomorphic and surficial geology map of Gordon Gulch allowing for hillslope 
material to be put in context of the other sediment storage and stratigraphic units in 
the basin. 
 
2.4 Meteoric 10Be   
Meteoric 10Be is a cosmogenic nuclide produced by the spallation of oxygen 
or nitrogen in the atmosphere that adheres to aerosols and falls to earth’s surface 
via primary (wet) deposition in precipitation and recycled (dry) deposition in dust 
(Figure 4) (Willenbring and Blanckenburg, 2010; Dunai).  Meteoric 10Be is stable in 
most soil conditions and high concentrations are often found in conjunction with 
clay-rich layers due to the implied prolonged local weathering and increased surface 
area.  However, few studies exist that systematically identify the connection of 
meteoric 10Be with physical (i.e. grain size) or chemical soil components (i.e. 
dithionite-citrate extractable Fe or Al) (Graly et al., 2010).  The stability of the 
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isotope in a variety of environments and for long time scales makes 10Be extremely 
useful in interpreting the geomorphic history of an area.  Sampling for meteoric 10Be 
involves obtaining regolith samples from the area of interest, extracting the adhered 
isotope and measurement to arrive at a local concentration (atoms/g). 
 Using meteoric 10Be in hillslope studies involves determining a deposition 
rate of the isotope, preferably normalized to a local reference site (Ouimet et al., 
2013). When a local stable landscape surface of known age (i.e., a moraine) is 
present, it can be sampled for meteoric 10Be and the concentration extrapolated to 
the number of years for which the surface is presumed to have been stable.  This 
deposition rate, which should be regionally constant, can then be applied to other 
local landscapes.  This becomes especially useful when examining the evolution of 
landscapes during the late Pleistocene to early Holocene and the effect of any 
periodic glaciation on hillslope materials of unknown age.   Previous work 
examining 6 well-dated, stable landforms within the Boulder Creek region ranging 
in age from 15-175 ka identified 1.5 ± 0.2 × 106 atoms/cm2/yr as a good long-term 
meteoric 10Be deposition rate to use across much of the region that receives 45-55 
cm of precipitation a year (Ouimet et al., 2013).  This contrasts with global and 
precipitation based models of deposition that argue for 0.9-1.1 atoms/cm2/yr 
(Willenbring and Blanckenburg, 2010; Reusser et al., 2010).   When applying 
meteoric 10Be deposition rates in Gordon Gulch, I use the higher locally, calibrated 
deposition rates, but include a range of deposition rates from 1.1-1.5 × 106 
atoms/cm2/yr to account for potential discrepancies between the local and global 
approaches to determining the rates.  This is an advance from previous studies 
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exploring meteoric 10Be on evolving hillslopes, which employ latitude or 
precipitation based deposition rates and assume that these rates apply in areas far 
from locations with published rates of meteoric 10Be deposition, i.e Jungers (2009) 
and West (2012).  Both of these studies examined hillslopes along the Appalachian 
mountain chain: Jungers et al. (2009), Smokies Mountain; West et al. (2013), Shale 
Hills, PA. 
When meteoric 10Be is sampled at varying depths within a column of regolith, 
two common concentration profile shapes often emerge: an older, more weathered 
bulge profile where peak concentrations occur at depth in the clay-rich B-horizon, 
then decline with depth, or a younger profile where peak concentrations occur near 
the surface and exponentially decline with depth (Graly et al., 2010) (Figure 5). 
Previously in Gordon Gulch, Wyshnytzky (2011) examined meteoric 10Be profiles in 
10 regolith pits spanning the north- and south-facing slopes and found divergent 
profile types on the respective slopes, indicating that aspect may play some role in 
the evolution of regolith morphology.  All profiles exhibited declines with depth 
such that concentrations at depth >80 cm were less than 10% of near surface 
concentration. North-facing slopes generally displayed a declining profile, with the 
highest concentration of 10Be focused at the surface, indicating little vertical 
movement of sediment.  Profiles on the south-facing slope tended to be more 
variable, with occasional small bulges in 10Be concentration slightly below the 
surface.  Wyshnytzky (2011) argued that this was likely due to a previous stripping 
event, and not because of slow, in-place weathering.  We include, summarize and 
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analyze these profiles in order to understand isotope behavior at depth and build on 
the spatial extent of available 10Be data.  
To expand upon Wyshnytzky’s 2011 findings, this study employs an 
amalgamation technique along the lines of similar recent studies looking at basin-
wide trends in mobile regolith transport (Jungers et al., 2009).  This amalgamation 
technique allows for samples to be taken at depth and subsequently mixed in order 
to obtain one singular 10Be concentration representing a depth-averaged value.  To 
make this value applicable over the entire range of a regolith pit, a meteoric 10Be 
inventory is calculated. The inventory takes into account the local thickness of 
mobile regolith and the bulk density averaged over that substrate in addition to the 
depth-averaged concentration. The product is an inventory value that becomes 
comparable to other inventories in the basin.  This value can then be used in 
calculating relative transport flux patterns and mobile regolith residence times 
using a reliable deposition rate.  
 
3. Methods 
  Field methodology relied on the excavation and description of over 200 
regolith pits spread across the areal extent of Gordon Gulch, 42 of which were taken 
along transect lines spanning the basin (Figure 6).  All excavated pits were noted 
for basic soil descriptions and pedogenic layer thickness (with primary sequence O, 
A, BC, Cox) and surveyed for the average thickness of mobile regolith.  Using a 
shovel and pick axe, pits were dug out with a vertical back wall face cutting into the 
hillslope until the saprolite boundary was reached and exceeded (Figure 4).  This 
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boundary was uniformly defined across the basin as the line that separates the 
unconsolidated and presumably mobile regolith material from the in situ weathered 
regolith material and parent rock.  The term saprolite is used to remain consistent 
within numerous hillslope studies in the Boulder Creek CZO and other landscapes 
(Dethier and Lazarus, 2006; Dixon et al., 2009a).  Using a measuring tape, thickness 
measurements were taken from the surface down to the saprolite boundary (Figure 
7).   
 Pits were dug in both the upper and lower portions of the basin, with the 
majority coming from what was delineated as hillslopes, but occasionally included 
pits within toe slopes, fans and valley fill areas.  All pit locations were recorded 
using GPS.  Bulk density measurements were taken at sample pits using a 250 cm3 
steel tube with an opening on one end.  The tube was typically hammered into the 
face of the pit at multiple representative depths and the contents then weighed to 
arrive at a local bulk density.  All bulk density measurements were compiled into a 
database based on both depth and regolith material properties allowing for basin 
wide depth-averaged values to be estimated for all regolith pits.   A subset of terrace 
and alluvial fans pits were sampled and analyzed for 14C dating in association with 
previous work (Warrell, 2011) as well as the ongoing work present here (Figure 8 
and Figure 9). 
 
3.1 GIS analysis 
 The recent acquirement of a LIDAR dataset covering the entirety of the BC-
CZO has greatly improved the intake and analysis of spatial data (Anderson et al., 
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2012).  The availability of a 1 m rasterized elevation data set of Gordon Gulch and 
environs allowed for high-resolution analysis of field data.  Each georeferenced 
point in our dataset of over 200 pits could be spatially sampled for any locally 
derivable topographic property, including elevation, slope, curvature and flow 
length (defined as the downslope distance of hillslope pits form the nearest ridge) 
(Figure 3).  The highly variable topography of Gordon Gulch translated to a high 
degree of roughness in the LIDAR and often necessitated a surficial smoothing in 
order to generalize any larger order trends occurring in slope and curvature 
(DiBiase et al., 2012).  We used these capabilities to assess any possible trends 
linking regolith depth and 10Be inventory to outside geographic factors.  
A geomorphic map of the sediment reservoirs in Gordon Gulch was created 
through a combination of field and ArcGIS methods.  This was achieved by 
delineating the areas of sediment storage within the basin: alluvial fans, fluvial 
terraces, colluvial fills, toe slopes, tor outcrops/thin cover, and hillslopes.  Previous 
studies (Trotta, 2010 and Warrell, 2011) provided raw field maps of the present day 
tor cover and fluvial terrace extent and were georeferenced to match landscape 
indicators in the LIDAR surficial output (Figure 9 and 10).  Alluvial fans, colluvial 
fill areas, and toe slopes were mapped using a combination of field observations and 
elevation model derived slope patterns (Figure 3).  These areas were often 
observed in the field to be relatively low sloping and immediately adjacent to 
markedly higher slopes, a pattern which was observable using the high-resolution 
LIDAR.  Hillslopes were then defined as the remaining area of the basin, 
representing any regolith cover that is presumably more readily mobile and 
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available for downslope transport and eventual deposition to any of the defined 
storage areas or the stream system.  Once the areal extents of these reservoirs were 
defined, patterns of mobile regolith thickness could be applied to estimate sediment 
volumes contained in sediment resevoirs through the basin.  
 
3.2 Meteoric 10Be sampling and lab measurement 
 Pits sampled and analyzed for meteoric 10Be are spread throughout Gordon 
Gulch, with representation from north and south facing slopes in the upper and 
lower portions of the basin.  Figure 5 shows the hillslope transect lines on which 
meteoric 10Be sampling was focused.  Additional meteoric 10Be sites reflect pits dug 
in various locations, such as within a colluvial fill in the upper potion of the basin 
(NG1.2), a low sloping ridge-top pit at the top of the n-facing facing slope in the 
lower basin (NG2.2), a alluvial fan cut in the lower potion of the basin (WC-11-2), 
and numerous pits on the south-facing west of transect line TSF1 that include 
locations upslope and downslope of nearby exposed tors. 
Sampling and lab methods presented here pertain to 30 pits sampled in 
July/August 2011 and 2012.  Methods for the samples remaining 10 pits are similar 
to those employed here, but for a full summary of those specific samples refer to 
Wyshnytzky (2011).  Regolith was collected from the face of sample pits at frequent 
depth intervals down to the saprolite boundary, and in some cases, beyond.  One or 
two point samples were typically taken in the top 10 cm of the profile, followed by 
samples every 10 cm.  Deep pits exceeding 80 cm in total depth required less 
sampling density at depth, so intervals were spread out to 15 cm and 20 cm.  Depth 
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interval samples were taken starting from the bottom of the pit and separated into 
labeled plastic sample bags.  All bags were shipped back to the University of 
Connecticut for further sample processing.  Depth interval samples were dried and 
then sieved to a fine fraction of <2mm to exclude any sediment clasts that were less 
likely to have 10Be adhered to their surface. 
Though all pits contained many individual samples collected at depth, I 
employed an amalgamation method which involved incorporating the depth 
interval samples into a single sample representative of a pit averaged 10Be 
concentration.  This allowed for greater coverage of regolith meteoric 10Be 
concentrations within the entirety of Gordon Gulch, rather than focusing on one 
specific area.  A midpoint method was used to determine the thickness represented 
by each depth interval sample and then to express those values as a fraction of 
overall pit thickness.  These fractions were then used to determine the respective 
masses to be included in the amalgamation. Total amalgamated weights before 
further processing ranged from 10-20 g.  3 duplicate pits were run to test the 
assumptions associated with amalgamation methods. 
 All processes related to the extraction of 10Be from sediment were performed 
at the University of Vermont cosmogenic lab and adhered to the flux fusion protocol 
first proposed by Stone (Stone, 1998) with modifications by Paul Bierman and Luke 
Reusser.  The purpose of the flux is to equilibrate the unknown amount of 10Be with 
a known amount of stable 9Be and to liberate and purify the Be from the other 
chemical components of the regolith.  The Be can then be measured as a ratio of 
10Be/9Be via accelerator mass spectrometry (AMS).  
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Using a SPEX shatterbox, raw amalgamated samples were first milled to a 
fine powder to ensure efficient extraction.  All samples were prepared and 
processed in batches of 16 including one blank to test against.  A small amount 
(~0.5g) of each sample was placed in a Pt crucible where 300µg of a low-level 9Be 
carrier solution was then added via pipette.  Anhydrous Na2SO4 and KHF2 were then 
added in a 1:5 ratio to the dried sample.  After mixing, the crucible was slowly 
heated to approximately 800°C, producing a clear fluid melt from the contents.  
After being promptly cooled, the fusion cake now contained within the crucible was 
placed into a Teflon beaker containing de-ionized Milli-Q water and allowed to sit on 
a hotplate at ~95°C overnight. 
 With the majority of the Be now leached into solution, the softened fusion 
cake was removed from the crucible and released into solution.  The Teflon beaker 
was then placed back on a hotplate above boiling temperature to reduce the volume 
of the solution by about 85%, leaving ~35mL of solution and cake to be transferred 
to centrifuge tubes. After being spun down, the supernatant was decanted to a fresh 
tube where ~5mL of HClO4 acid was added in order to precipitate out excess K in 
the form of KClO4.   
Once the KClO4 was thoroughly precipitated out, the tube was centrifuged 
and the supernatant decanted into a Teflon beaker where 5mL of concentrated 
OmniTrace HNO3 was added to aid in B reduction.  The beaker was left uncovered 
on a hotplate set to 230°C overnight in order to expel B and fluoride through drying 
of the remaining HClO4.  The remaining solidified cake was then dissolved in 20mL 
of 1% OmniTrace HNO3.  Dilute NH4OH was added incrementally in the presence of 
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methyl red to indicate when a pH of ~8 was reached.  Be(OH)2 was then able to 
slowly precipitate out of solution and be isolated from the supernatant in the form 
of a gel.  The gel was then redissolved and purified of any remaining B fraction by 
acid elution in cation exchange columns. 
Be(OH)2 gels were shipped to the Scottish Universities Environmental 
Research Centre (SUERC) in East Kilbride, Scotland for completion of the final steps 
before AMS analysis.  The Be(OH)2 gel was washed with Milli-Q and centrifuged a 
final time before being placed in a drying oven where the hydroxide gel was fired to 
BeO.  The BeO pellet was then crushed and mixed with Nb powder in order to 
enhance beam current during AMS analysis.  The BeO/Nb mixture was then pressed 
into a copper cathode and ready for loading into the spectrometer.  
Samples were processed via an ion accelerator and its beam transport 
system, which allows for precise isolation and counting of solely the isotopic Be 
ratio (Tuniz et al., 1998).  Samples are sputtered with Cs ions to initiate acceleration 
of particles, which could then be selected for energy, momentum, velocity, atomic 
charge, and nuclear mass to ensure the exclusion of atomically similar elements like 
B.  Standards with a known ratio of 10Be/9Be were used to normalize the 
measurement of samples; the SUERC AMS uses the National Institute of Standards 
and Technology (NIST) standard with an assumed ratio of 2.79 x 1011 (Nishiizumi et 
al., 2007).  Once data reduction was complete, sample isotopic ratios were also 
normalized to the process blanks in each batch and then converted to a 10Be 
concentration (atoms/g) using the known initial amount of added 9Be (Table 1). 
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3.3 Meteoric 10Be total inventory calculations 
 In order to uniformly compare meteoric 10Be measurements in mobile 
regolith material from throughout the basin, depth averaged concentrations had to 
first be arrived in a consistent manner (Table 2).  Some samples were subject to one 
of two possible sampling discrepancies: 1) depth spacing between samples did not 
accurately reflect the entirety of the pit profile or 2) sample amalgamation included 
a disproportionate amount of material from below mobile regolith-saprolite 
boundary in the bottom of a pit.  Both of these discrepancies resulted in a skewing 
towards a low-end value for a representative pit-averaged concentration based on 
depth profiles that clearly show lower 10Be concentrations at depth and required an 
adjustment to be made (Wyshnytsky, 2011) (Figure 15).  Due to the fact that south-
facing pits displayed different average concentrations at depth than north-facing 
pits, adjustments were aspect-dependent.  
 Depth averaged mobile regolith 10Be concentrations (Cavg, in atoms g-1) were 
then used to calculate total meteoric 10Be inventories (IBe, in atoms cm-2): 
IBe = Cavg H ρre    (1) 
 
where H is the measured mobile regolith thickness (in cm) and ρre is the depth-
averaged bulk density over that thickness (in g cm-3).  76 bulk density 
measurements of mobile regolith taken from a variety of pit locations and pit depths 
showed a trend of increasing density with depth (Table 3).  Measurements at 
depths ranges of 0-15 cm, 16-40 cm, 41-70 cm, and >70 cm resulted in average bulk 
densities of 1.53 g cm-3 (n=37), 1.60 g cm-3 (n=16), 1.74 g cm-3 (n=18), and 1.80 g 
cm-3 (n=5), respectively.  5 measurements taken of saprolite at varying depths 
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resulted in an average bulk density of 1.61 g cm-3.   The majority of the error 
associated with calculated 10Be inventories stemmed from a ± 0.1 g cm-3 range 
assigned to the estimated bulk density and a ± 5 cm range assigned to regolith 
thickness.  Analytical error derived from AMS Be ratio measurements are several 
orders of magnitude lower than the final calculated inventory values and are 
inconsequential.  
 
4. Results  
4.1 Surficial Geology and Sediment reservoirs in Gordon Gulch 
 Differentiating between trends in hillslope mobile regolith and basin-wide 
sediment cover requires knowing where the hillslopes transition from actively 
transporting material to actively depositing material.  Sediment reservoirs were 
identified and mapped using GIS and field observations as described above, with all 
sediment within the basin being characterized as part of one of the following 
designations: alluvial fans, toeslopes/colluvial fills, terraces, thin areas, or hillslopes 
(Figure 12).  Hillslopes compose the majority of the basin’s areal extent (84.0%), 
followed by tors and immediate thin cover (11.3%), toeslopes and colluvial fills 
(3.1%), terraces (1.1%) and fans (0.5%).  
Toe slopes were consistently located near the bottom of north-facing slopes 
in the lower portion of Gordon Gulch, within the bottom 5% of ridge to stream 
elevation transects just before profiles level off due to fluvial terrace deposits.  
South-facing slopes displayed few toe slopes.  North-facing toe slope sediment, dug 
in 1 location explicitly but similar to lowermost pit on north facing transect lines, 
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typically consisted of a thick, well-mixed dark regolith layer of sand to fine gravel of 
70-90 cm before coarsening into large cobbles and boulders at depth and a poorly 
defined saprolite boundary.  Colluvial fills , dug in 2 locations, were located in the 
broad central valley of the upper basin and surrounding ephemeral stream channels 
and typically displayed low-sloping surfaces with a thick (>70-100 cm) upper layer 
of mixed sand and gravel.  While these reservoirs differ in their specific geography 
within the basin, they serve similar functions as holding tanks for sediment at the 
bottoms of hillslopes before being transported and reworked by channelized fluvial 
processes in side channels and the main Gordon Gulch stream valley   
Eight prominent alluvial fans were mapped within Gordon Gulch, seven of 
which were found in the lower portion of the basin, and six of which lie at the base 
of north-facing slopes.  With the exception of the one fan in upper Gordon Gulch, all 
fans clearly displayed a low-sloping, wedge shaped morphology in map view at the 
downslope end of gullies and hollows observed in the LiDAR data (Figure 2b).  
Alluvial fan sediment, dug in 4 locations, (Figure 8) typically consisted of an upper 
50 cm of organic rich silty sand, coarsening into gravel-rich locally stratified for the 
next 100-150 cm before getting into 25-30 cm of alluvial sediment and rounded 
gravel at the bottom.  In each alluvial fan pit, the water table was reached at the 
approximate elevation of adjacent Gordon Gulch stream and the pit did not reach 
bedrock, indicating that sediment thickness for these locations are minimums. 14C 
dating of organic fragments within the stratigraphy of one fan pit provides useful 
context for the time scale of local deposition.  Dates on three fragments range from 
5,150-9,876 ybp, and when correlated to depth suggest >200 cm of sediment 
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deposition throughout Holocene (Figure 8).  This is consistent with preliminary 
data from the fan immediately across the valley with ages from 14C analyses and 
optically stimulated luminescence (OSL) indicating 6000 to 7000 years of preserved 
fan deposition.  
Multiple levels of fluvial terraces abut the stream in lower Gordon Gulch, 
typically consisting of an upper ~50 cm of sandy and O-rich fines, followed by a 
bottom ~50 cm of variable clay, sand and gravel deposits (Figure 9).  Terrace 
deposits were exposed, cleaned and examined in 2 locations and each exposure pit 
did not reach bedrock, indicating that sediment thickness for these terrace locations 
are minimums.  14C dating of charcoal fragments contained within the stratigraphy 
of the 80-100 cm high terrace level that the Gordon Gulch stream is currently 
entrenched into returned younger dates than the fan material, ranging from 1,110-
1,520 ybp.  The depth of the charcoal fragments suggest ~60-80 cm of concurrent 
fluvial deposition over that time.   
 
4.2 Sediment and mobile regolith thickness 
In total, 201 pits were dug throughout Gordon Gulch with the goal of 
providing some insight to local subsurface morphology (Figure 7).  Morphologically, 
north-facing hillslope pits typically contained a thin organic, O-layer at the top 0-5 
cm and 5-15 cm of A-layer mixing organic material and sand before variably 
entering unconfined sand-sized material mixed with gravel and intermittent 
cobbles.  Approaching saprolite was often indicated by the appearance of gravelly, 
oxidized oriented parent material (biotite rich meta-sedimentary rock) alongside 
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more frequent cobbles and occasional boulders.  South-facing hillslope pits 
displayed a thin, or non-existent O-rich upper layer and thin w A-layer and were 
often characterized to be dry and sandy throughout the upper 15-30 cm.  The 
bottoms of S-facing pits quickly became tough to dig down into with oxidized 
cobbles and boulders of parent material immediately overlying hard, in place 
saprolite.  Pits in upper Gordon Gulch did not morphologically differ greatly from 
their lower basin counterparts, aside from being located on more gradual slopes in 
general.  Occasion pit were found to be completely composed of sand and fine gravel 
size material, lacking cobble size material.   
The map of basin-wide thickness values (Figure 11) suggests that there are 
multiple ways in which to analyze patterns and variability in measured sediment 
and mobile regolith thickness: surficial geology type, location within the basin, 
location along a transect line, and general topography.  All pits dug into hillslopes 
(n=192) have an associated thickness measurement that represents the depth to 
saprolite, within error (typically +/- 5 cm).  This range reflects the fact that some 
pits had a sharp boundary between weathered bedrock/saprolite and mobile 
regolith, while for others this boundary was diffuse.  The basin wide average 
thickness for these pits was 39.3 cm, spread across both the N- and S-facing slopes.  
In non-hillslope pits (n=9), the saprolite boundary was less definitive or absent and 
measurements represent a minimum estimate of the thickness of unconsolidated 
material to bedrock.  Thus, the average thickness value of 123.3 cm in colluvial fills, 
toe slopes, fans, and terraces does not reflect the average depth to saprolite as 
defined previously.  The median and first- and third-quartile thickness values of 
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non-hillslope pits show a 2.3-6.2x minimum increase in transportable material 
compared to hillslope pits (Figure 14a).  
Hillslope pits can be further broken down into both location within the basin 
(upper/lower) and aspect (north-facing/south-facing) (Table 4; Figure 14b).  
Median thicknesses separated by geography and aspect do not appear to differ 
significantly aside from upper north-facing pits, which are generally thicker.  
Downslope trends along transect lines, however, indicate some degree of variability 
between the opposing slopes.  Pits dug along 9 transect lines (Figure 5) on the 
north-facing (TNF1-5) and the south-facing (TSF1-4) slopes correlate to a 
downslope thickening trend or lack thereof (Figure 18).  Pits located on north-
facing transect lines all show an increase in thickness of mobile regolith from the 
upper most pit to the lower most pit ranging from 0.75 to 3.28 times as thick 
(Figure 18a).  On the south-facing slope, downslope trends are not as evident 
(Figure 18b).  Pits in the downslope region of the south-facing slope deviate from 
upslope pits by 0.5x at most, with no consistent thickening trends from pits along 
studied hillslope transects.  
Combining the surficial geology map presented in the previous section with 
the thickness values mapped and summarized here allows for predictions to be 
made concerning total sediment and mobile regolith thickness throughout the 
entire 3.7 km2 Gordon Gulch watershed (Figure 13).  This map represents the 
interpolation of all thickness locations.  This thickness map shows the variable 
nature of mobile regolith thickness throughout Gordon Gulch, particularly due to 
tors and thin cover mapped near exposed bedrock.  Lower south-facing slopes 
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consistently exhibit pockets of thicker and thinner mobile regolith; north-facing 
slopes, despite having a large area of tor and thin cover mapped, consistently show 
thickening toward the valley.  Volumes calculated from this analysis indicate that 
~880,000 m3 of total mobile regolith is stored on hillslopes (including tor/thin 
cover) and ~191,000 m3 of sediment is stored in toe slopes, filled colluvial valleys, 
alluvial fans and terraces.  The absence of pits in the uppermost west/southwestern 
portion of Gordon Gulch leads to most of the hillslopes in that region being thin, 
influenced by nearby tor/thin cover.  This area was not analyzed in the field due to a 
significant portion of that area having been recently clear for logging purposes (see 
Figure 2a). 
 
4.2. Meteoric 10Be  
 The new data presented here include 33 amalgamated regolith sampled for 
10Be/9Be ratios, including one sample amalgamated from Wyshnytzky (2011) and 
two duplicate samples to test our amalgamation methods (Table 1).  10 additional 
values were added to the population of pit data by reinterpreting data presented in 
Wyshnytzky (2011), for a total of 40 unique mobile regolith meteoric 10Be 
concentrations and pit inventories (Table 2).  The sample amalgamated from 
Wyshnytzky (2011) included samples at depth intervals that had previously been 
individually ran for 10Be/9Be ratios and meteoric 10Be concentration.  Using the 
values from previously measured individual depth samples from Wyshnytzky 
(2011) pit NGG3 and applying the midpoint amalgamation method here, the 
calculation yielded a theoretical depth-averaged concentration of 3.44 E+8 atoms g-
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1.  Using those same individual depth profile samples and applying the same 
amalgamation and 10Be extraction method described above, AMS yielded a 
concentration of 3.25 E+8  3.78 E+6 atoms g-1, showing good agreement and 
difference of ~6% (Figure 16).    
Of the 40 final inventory pits, 37 were taken from the hillslopes (4 of which 
were considered ridge top pits, with minimal input from upslope), one was taken 
from an alluvial fan, and two were taken from toes lopes/colluvial fill areas.  Final 
meteoric 10Be concentrations range from 1.64 E+8 atoms g-1 - 5.77 E+8 atoms g-1 
(Table 1).  Non-hillslope pits constituted some of the highest concentration values, 
giving an average of 4.67 E+8 atoms g-1.  The average concentration from all 
hillslope pits was 3.54 E+8 atoms g-1, and north-facing pits averaged slightly higher 
than S-facing, with values of 3.70 E+8 atoms g-1 and 3.35 E+8 atoms g-1, respectively.  
This coincides with previous findings at Gordon Gulch, with data from Wyshnytzky 
(2011) showing higher average concentrations at the surface and at depth for north-
facing slopes (Figure 16).  Overall, the basin-wide distribution of pit average 
meteoric 10Be concentrations in mobile regolith is variable (Figure 17a), influenced 
by the fact that thick regolith incorporates averaging in a larger proportion of low 
concentration meteoric 10Be at depth.  
Meteoric 10Be inventories calculated for each pit as described in equation (1) 
are summarized in Table 2.  10Be inventories ranged from 8.89 E+9 atoms cm-2 to 
2.55 E+11 atoms cm-2, with some inventories reflecting a correction for depth-
averaged concentration (Figure 17b).  Higher inventories on average are found in 
the lower basin, and in particular on the lower north-facing slopes (Table 4).  Toe 
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slope pits (NG8.2), a colluvial fill pit (NG1.2), and a fan pit (WC-11-2) had the 
highest total inventories out of all pits, with values ranging from 8.38 E+10 atoms 
cm-2 – 2.55 E+11 atoms cm-2.  The next highest total inventories were found in NGG1 
and NG15.2, each of which are the lowermost sample in a north facing slope transect 
line (NFT3 and NFT4, respectively) in close proximity to what might be mapped as 
toe slope.   Inventory trends along transects mirror thickness trends in that there is 
a noticeable increase progressing down the north-facing slopes, while no consistent 
trends exists down south-facing slopes (Figure 18).  
 
5. Discussion 
5.1 Mobile regolith and 10Be on a basin-wide scale 
 Dethier (2012), highlighted the existence of a knickpoint migrating up the 
drainage stream in Gordon Gulch by having found weaker, more weathered rock in 
the relict upstream reaches in comparison to harder, fresh rock downstream.  This 
wave of incision, which has been ongoing over the past 3-7 Ma, is likely the reason 
for the stark differences in slope between the upper and lower reaches (Figure 3).  
Through the natural coupling of hillslopes and drainage channels, it is expected to 
observe a delayed response in hillslope erosion rates following an incision signal; an 
increase in slope should trigger an increase in erosion rates (Mudd and Furbish, 
2007; Heimsath et al., 2012).  In Gordon Gulch, however, the response is curiously 
absent from the hilslopes.  In a scenario where one would expect to observe a thin 
and possibly bare-bedrock mantle, the hillslopes, especially the north-facing, show 
the near opposite with a downslope thickening cover.  This would seem to suggest a 
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decoupling of the hillslopes and the drainage stream, with each operating on 
separate and distinct time scales.  
 In cases where a downstream forcing such as a knickpoint creates a dynamic 
response in the landscape, the timing of events can be recorded in cosmogenic 
nuclides (Quigley et al., 2007).  If a decoupling between the hillslopes and drainage 
channel exists in Gordon Gulch, there should be some evidence in the 10Be 
inventories.  Comparing inventories taken from the upper basin to inventories taken 
in the lower basin, there is not a significant enough difference between values to 
conclude that the hillslopes in the lower basin have experienced a recent spike in 
erosion rate.  Despite differing in slope, it is therefore likely that the upper and 
lower basins are presently governed by similar sediment transport mechanisms. 
 
5.2 Topographic controls on thickness 
 Given the variable environmental conditions imposed by slopes with 
opposing aspects and their effects on CZ function, it would be expected to observe 
some aspect-related trend in regolith cover.  The wetter and more forested north-
facing hillslopes are expected to be more effective at freeing material at the 
saprolite-mobile regolith boundary and therefore should have a thicker cover of 
mobile regolith than south-facing slopes (Churchill, 1982).  However, we see no 
significant difference in the average or median thickness values on the opposing 
hillslopes, which suggests the theoretical trend that should exist is muted by thick 
and thin outliers on both slopes.    
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Surficial topography derivatives such as slope and curvature are also 
expected to have some relationship to mobile regolith thickness, stemming in part 
from variable erosion rates.  In a compilation of data from the San Gabriel 
Mountains, Heimsath (2012) found that an increase in mean slope triggers an 
exponential increase in erosion rate, leaving a thinner soil mantle on steeper slopes 
(Heimsath et al., 2012).  When we try to tease out a similar trend looking at local 
slopes basin-wide, there is a distinct lack of any correlation (Figure 19a).  
Curvature, the second derivative of topography, has likewise been found to trend 
with regolith thickness.  Thicker regolith cover is found with more negative 
(convergent) curvature values, and vice-versa for thin cover (Heimsath et al., 2005).  
Again, this relationship fails to be seen as significant when looking at all hillslope 
pits within Gordon Gulch (Figure 19b).  
The absence of any larger-scale trends must be attributed to the high degree 
of both surficial and sub-surficial variability in Gordon Gulch.  The most striking 
surficial aberration is the widespread protrusion of tors in the lower basin.  In the 
context of downslope sediment transport, tors act as barriers, influencing the 
normal flow pathways and forcing sediment around them.  Tors also provide an 
ample amount of material to the surface for weathering and downslope erosion.  
The presence of tors themselves has been found to indicate some degree of 
transience in the landscape due to recent changes in climate or local transport 
conditions (Strudley et al., 2006).  This would seem to suggest that aspect is playing 
a role in hillslope response to a transient based on the higher density of tors on the 
south-facing slopes in comparison to the north-facing slopes. 
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 When we focus on trends limited to pits along transect lines, two primary 
observations emerge: 1.) the downslope thickening trend on north-facing slopes 
mentioned earlier, and 2.) the greater distance from stream to ridge on south-facing 
slopes.  Although the thickest pits at the bottom of some north-facing transects can 
be attributed to a change in sediment reservoirs, there is still a definitive increase in 
material available on north-facing slopes compared to south-facing slopes (Figure 
18). This is in line with the theoretical aspect induced differences, which would 
predict larger amounts of material available for downslope transport, further 
confirmed by the existence of toe slopes and fans primarily on north-facing slopes.  
The stream to ridge distance on south-facing slopes is as much as 2x greater than on 
north-facing slopes as evidenced by elevation transects (Figure 18).  The stark 
difference is interpretable in a variety of ways, but it must ultimately stem from an 
aspect-induced difference in transport efficiency and erosion rate.  It follows that 
mobile regolith thickness, when viewed on a smaller scale, is aspect-dependent.  
 The topographic trends that were absent on a basin-wide scale become more 
clear when limited to only pits along transect lines.  There appears to be little 
correlation between mobile regolith thickness and slope on the south-facing slopes, 
but on the north-facing slopes thicker regolith tends to be found on higher slopes, 
which is the opposite of the results found in Heimsath (2012) (Figure 20).  These 
results suggest that Gordon Gulch behaves less like the exponential relationship 
between thickness and erosion rate and more like the “humped” relationship 
proposed by Furbish and Fagherazzi (Furbish and Fagherazzi, 2010).  The authors 
showed that for hillslopes governed by diffusive transport processes, the soil 
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production function becomes increasingly complex downslope and the flux of 
sediment depends on some combination of slope and regolith thickness.  Further, 
the introduction of a transient response causes downslope areas to behave 
independently of upslope areas, as evidenced in the toe slopes at the bottoms of 
north-facing slopes.   
 Similarly, the plot of thickness versus curvature for only data taken along 
transect lines shows a more drastic relationship on north-facing slopes (Figure 20).  
Morphologically, the north-facing slopes tended to have more convergent surficial 
features (i.e. gullies and toe slopes), while the south-facing slopes tended to have 
more divergent surficial features (i.e. tors) (Figure 3).  On soil mantled hillslopes 
where the transport function is nonlinear, curvature can be used as a predictive 
metric for changes in erosion rates, with ridges typically showing an increase in 
curvature in response to a change in base level (Hurst et al., 2012).  And while both 
slopes in Gordon Gulch are still primarily planar, the variable topography does 
speak to the possibility of a difference in transport efficiency.  
 
5.3 Topographic controls on meteoric 10Be inventories  
As evidenced in the map of mobile regolith thickness (Figure 11) and the 
map of total 10Be inventories (Figure 17b), it is clear that the two metrics track 
close with one another and as a result, display similar trends.  This is due in large 
part to the inventory metric’s reliance on the variable H, which seems to mute the 
importance of other variables. Figure 21a shows the relationship between the two, 
with the dotted line indicating how inventory values would trend given a constant 
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average concentration taken from ridge top pits with minimal upslope input.  I 
normalized all inventory values in relation to this line in order to arrive at inventory 
values that could be compared relative to one another outside of any dependency on 
thickness (Figure 21b).  What this essentially shows is that outside of a small 
number of outliers, fluctuations in thickness do not indicate any relationship to the 
deposition or erosion of 10Be.         
Plotting these normalized values of 10Be inventories against topographic 
controls can give us a better understanding of how 10Be concentrations correlate to 
notions of downslope sediment transport.  When compared to both slope and 
curvature, relative 10Be inventories show little to no correlation with changes in 
topography (Figure 22).   Comparing relative inventory to flow length illustrates 
the difference in hillslope length, but does not show a marked increase or decrease 
in travelling away from the ridge. 
This distinct lack in patterns does say something about the transport of 
sediment around the basin.  If hillslope locations are experiencing a change in 
thickness, but not a change in relative inventory, this suggests that there is in fact 
material transitioning downslope and that material is of relatively average 10Be 
concentration.  Regardless of slope, curvature, or distance from the ridge, mobile 
regolith consisting of a mixed average 10Be concentration on both the north- and 
south-facing slopes is being redistributed.  The outlying values of relative 10Be on 
these plots happen to be associated with basin locations most likely to be 
experiencing the effects of an initiated transience.  Specifically, inventories from 
areas strictly defined as toe slopes or near the bottoms of north-facing slopes are 
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experiencing the only significant deviation from an expected inventory.  While it is a 
given that these are prime locations for deposition and increases in thickness, this 
also suggests that these are the only places in the basin experiencing an increase in 
average 10Be concentration.  
 
5.4 Utilizing 10Be inventories to constrain timing 
Using the previously described local deposition rate proposed by Ouimet et 
al. (2013) of 1.1-1.5 x 106 atoms/cm2/yr and the average ridge top 10Be inventory of 
1.85 x 1010 atoms cm-2, we can gather a mobile regolith residence time between 12.3 
-16.8 kya.  Because this age applies to a ridge-top location, the 10Be inventory and 
subsequent residence time reflect any material that has been either stripped out of 
the mobile regolith or added via saprolite release at the base of the weathering 
front.  We can assume this value falls on the side of a minimum because downslope 
inventories indicate some degree of sediment deposition from upslope, indicating at 
least a partial—but not complete—erosion of the mobile regolith layer.  
A residence time of 12.3-16.8 kya is relatively young for these hillslopes; 
slightly younger than the last glacial maximum (~21 kya) and much younger than 
any signal from the migrating knickpoint (~3-7 Mya).  Although this age range is 
indicative of a minimum, it suggests that transport efficiency was higher ~17 kya 
than it is at least presently, which would correlate to a time when Gordon Gulch 
would have still been feeling the effects of a slightly colder climate.    
Applying this same deposition rate to downslope inventories would not 
derive strict residence times as those inventories reflect input and output of 10Be via 
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deposition and erosion of sediment. However, knowing that fluctuations in 
thickness do not necessitate an excess or depletion of 10Be concentration but rather 
reflect regular distribution of sediment, 10Be inventories on the hillslopes could 
provide an accurate representation of the time scale of that distribution.  So, using 
the same deposition rate and the fact that inventories from south-facing slopes were 
fairly uniform, the average inventory on those slopes gives a residence time of 17.5-
24 kya.  This age range extends the time scale of transport processes slightly deeper 
into the last glacial maximum when the climate was even colder than 13-16 kya.   
This rough estimate of timing from hillslope and ridge top 10Be inventories 
differs slightly from constraining ages taken from 14C charcoal dates from an alluvial 
fan on the north-facing slope (Figure 8).  Calibrated ybp dates from the fan range 
from 5.1-9.8 kya at depths ranging from 150-200 cm, which suggests that significant 
amounts of downslope transport have been ongoing throughout the Holocene.  
Whether or not that deposition is a result of efficient, continual transport process or 
of a few, large sporadic transport events (i.e. sheet wash) remains to be seen.    
 
6. Implications for the legacy of sediment transport 
  The decoupling of the hillslope and drainage channel systems in addition to 
the presence of tors and toe slopes strongly indicates that Gordon Gulch is currently 
experiencing a climate-induced transience.  Based on climate modeling of the last 
glacial maximum and the 2-3 ky following it, Anderson (2009) showed that small 
fluctuations in temperatures combined with more readily available moisture would 
have greatly enhanced frost-related weathering and erosion processes, especially on 
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the north-facing slopes.  This would account for multiple observations: 1.) the 
excess material on the north-facing slope (seen in both the thickness and the 
inventory data) and 2.) the 10Be inventory ages indicate most hillslope material 
experienced significant erosion 16-24 kya. 
 There is also the likelihood that Gordon Gulch has seen consistent sediment 
transport processes outside of a response to transience.  Sediment storage in both 
the alluvial fans and terraces would suggest efficient erosional processes on a more 
recent time scale.  14C dates from charcoal contained within both of the sediment 
storage reservoirs indicates hillslope erosion and deposition 5.1-9.8 kya and fluvial 
deposition 1.1-1.5 kya (Figure 9).  The discrepancy between north- and south-
facing inventories could be explained by the top 0-10 cm of material being stripped 
from the surface of south-facing slopes, artificially lowering the average 
concentrations while maintaining an exponential depth profile (Figure 15).  Outside 
of the rare large-scale events in this scenario, the rest of the hillslope would have 
behaved in a steady-state manner, with mobile regolith being created via saprolite 
lowering at a proportional rate to downslope erosion. 
 Foster et al. (2012) used both in situ and meteoric 10Be to test the theory of 
steady-state and argued that the hillslopes of Gordon Gulch have largely been 
shaped in the time since the last glacial maximum.  South-facing slopes tended to 
follow the theory more closely than north-facing slopes due to the higher surface 
concentrations of 10Be and a surplus of material.  The difference in transport 
efficiency between the slopes was explainable by the denser stands of lodgepole 
pines on the north-facing slope.  While it is possible that the present-day Gordon 
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Gulch has evolved entirely within the last ~21 ky, it seems more likely that only the 
upper portions of the hillslopes behave according to steady-state, while the bottoms 
of north-facing slopes are still responding to a transient. 
 If the sediment transport legacy in Gordon Gulch is more based on 
disturbance-initiated sediment flux, that flux would be at least partially preserved in 
the alluvial fans.  Using the 10Be and 14C sampled fan, and taking the product of the 
average values of 10Be concentration, thickness, and density in addition to the area 
of the fan, we arrive at an approximate number of 10Be atoms held within the fan.  
We can then use the same variables taken from the contributing area of the fan to 
estimate the average thickness of material that would have to come off of the 
hillslopes to arrive at offsetting values for total atoms (i.e. fan atoms = contributing 
area atoms).  This calculation shows that it would take ~3 cm of material eroded off 
of the slopes to construct the present state of the alluvial fan.   
 Following significant burn events, Benavides et. al (2001) showed that mean 
sediment yield from enhanced rainsplash and sheetwash on Front Range hillslopes 
has been shown to be ~0.4 kg m-2, depending on factors such as burn severity and 
soil moisture.  While one similar event applied to the contributing area of the fan 
would only yield ~2% of the total fan volume, it is conceivable that multiple similar 
events occurred over these time scales or the burn affected a larger overall area that 
could have contributed sediment to the fan.       
The history of sediment transport and storage within Gordon Gulch is 
complex and it is possible to arrive at the current-day conditions through a variety 
of interpretations.  Based on what is known about the climate history and the 
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frequency of large-scale disturbance events in the regional area, it is likely that a 
combination of transport mechanisms acting over a range of time scales is 
responsible for the evolution of Gordon Gulch.  Through identifying patterns in 
downslope thickness, 10Be derived residence times, and evidence from sediment 
storage within the basin, I have provided a detailed understanding of how the 
current sediment regime can be examined to derive the past processes which 
shaped the hillslopes.  
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Figure 1 – Overview of representative basins in the Boulder Creek Critical Zone Observatory: Green Lakes Valley in the high 
elevation alpine region, Gordon Gulch in the mid elevation low-relief region, and Betasso in the low elevation range-front 
region. Light blue shading indicates area covered during the maximum extent of late Pleistocene glaciers. 
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Figure 2 - Gordon Gulch basin extent maps: (a.) aerial photography, with 
inset depicting contrasting snow pack between the N- and S-facing slopes 
(Bing maps), and (b.) topography underlain by hillshade, derived using local 
LIDAR data (Anderson).  
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Figure 3 – LIDAR derived topographic analysis 
maps of Gordon Gulch. (a.) shows curvature 
of the basin. Map displays areas of 
convergent topography (i.e. stream channels, 
swales, gulleys) in blue and divergent 
topography (i.e. ridges, rock outcrops) in red.  
(b.) shows slope (in degrees) on a basin-wide 
scale. Steep slopes of the lower basin stand in 
stark contrast to the lower slopes of the 
upper basin. (c.) shows downslope flow 
length patterns in the basin, with high values 
indicating locations with high contributing 
areas. Units represented in meters of 
accumulation.   
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Figure 4 – Sketch representation of meteoric 10Be in the context of 
hillslope processes. After being created in the atmosphere, 
meteoric 10Be falls to the surface with precipitation. It then adheres 
to the surface of sediment particles, with concentration decreasing 
to a minimum at the saprolite boundary. A column of mobile 
regolith is sampled at depth intervals (small red lines), resulting in a 
single, depth-averaged measurement of 10Be, represented by the 
red dotted line.   
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Figure	   5	   –	   Gordon	   Gulch	   meteoric	   10Be	   depth	   profiles	  
(Wyshnytzky,	   2011).	   Profiles	   show	   a	   decrease	   in	   10Be	  
concentration	   with	   depth,	   regardless	   of	   location	   within	   the	  
basin.	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 Figure 6 – Overview of Gordon Gulch basin area depicted with surficial hillshade. 
TNF1-TNF5 and TSF1-TSF4 correspond to downslope transects along north- and 
south-facing hillslopes, respectively. All transects span at least three regolith pits 
with both mobile regolith thickness and meteoric 10Be data, except TSF3 which only 
has thickness data.  Transect lines that do not originate on the basin ridge begin on 
local secondary ridges. Inset blue dashed box shows location of Figure 10.  
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  Figure 7 – Examples of typical hillslope pits within Gordon Gulch. Thickness of the mobile regolith, H, is measured 
from the top of the regolith surface down to the saprolite boundary, represented by the red line. Mobile regolith 
consists of unconsolidated material typically including organics, variably weathered clasts, and larger cobbles or 
boulders. (a.) shows a pit with soft felsic saprolite, whereas (b.) shows a pit with harder tilted metasediment 
saprolite.  
(a.) (b.) 
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Figure 8 – Photo and graphical description of a N-facing fan pit, with red star indicating location within the basin shown at inset. 
Excavation of this pit also included the 14C dating of charcoal fragments found in the stratigraphy. Dates range from 5,150-9,876 
ybp, indicating >200 cm of Holocene deposition.  
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 Figure 9 – Photo and graphical description of a terrace pit, with red star indicating location within the basin shown at inset. 
Stratified layering of fines, gravel, and sand is common in pits dug in stream-adjacent sediment. 14C dating of charcoal fragments 
found within other terrace pits indicate 60-80 cm of fluvial deposition occurring within the last ~1,110-1,520 ybp.  
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Figure 10 – Methodology for identifying protruding rock outcrops and areas of locally thin regolith. Aerial photography 
(a.) shows a large definitive tor with no vegetation coverage. (b.) Slope map displays the large tor as a local high, with 
lesser exposed outcrops appearing in the vicinity. (c.) LiDAR derived curvature displaying convexities (protrusions) in 
topography in red. (d.) Final tor/thin coverage delineation matches well with hillshade highlighted outcrops using 
multiple sunlight azimuth angles. Final tor/thin delineation does not strictly match convexities outlined in red because of 
ground-based field mapping by Trotta (2007).    
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Figure 11 – (a.) Overview map of all thickness measurements from pits dug in Gordon Gulch. 
Points include pits from hillslopes, fans, terraces, fills, and toes slopes. Dotted-line box indicates 
location of plot in (b.), which depicts trends in downslope thickness along a transect (TSF3 from 
figure 6).  
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Figure 12 – Basin wide sediment reservoir designations. Mobile material on the hillslopes is 
distinguished from various sediment sinks found in Gordon Gulch. Colluvial valley fill in the 
upper basin and toe slopes in the lower basin are both areas of anomalously thick (>1m) 
regolith cover. Alluvial fans are located primarily on the bottoms of the lower N-facing slopes 
and represent areas of localized recent deposition. Terraces are linked to the fluvial system 
and represent the area adjacent to the stream in the lower basin.   
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Figure 13 – Expected regolith thickness based on IDW interpolation of all known and inferred 
thickness values. Map conveys the current inherent state of thickness variability found 
throughout the basin.    
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Figure 14 – Summary of all thickness measurements. Top plot shows differences in binned 
thickness medians and quartile values separated by location and aspect. Upper values for non-
hillslope pits can be considered minimums due to rarely reaching saprolite. Bottom plot shows 
differences in binned thickness medians and quartile values separated by sediment reservoir 
designation.     
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Figure 15 – Comparison of Wyshnytzky (2011) depth sample concentrations and calculated pit-averaged 
concentration with measured depth-averaged concentration using 2012-2013 amalgamation method. The 
amalgamation method resulted in a depth-averaged concentration that deviated from the expected by 
only 6%. Data taken from pit NGG3 located on transect NFT3. 
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Figure 16 – Average meteoric 
10
Be depth profiles for the N- and S-facing slopes. 
Bars represent the range of the binned average concentration for respective 
depths. Plot can be used to estimate 
10
Be concentration tendencies at depth 
and their influence on a pit-averaged concentration measurement. Data taken 
from Wyshnytzky (2011).   
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Figure 17 –Basin wide distribution of meteoric 
10
Be (a.) concentration and (b.) inventory 
values. Concentration values are variable basin-wide, with the lowest average 
concentrations appearing along NFT1 near the basin outlet and on the S-facing slope. An 
increase in inventory downslope is evident on the N-facing slopes but absent on S-facing 
slopes. An alluvial fan sampled on the lower N-facing slope contained the highest average 
concentration and total inventory out of all sample locations.  
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Figure 18(a.) – Trends in downslope thickness paired with meteoric 
10
Be inventory values along N-facing transect lines depicted 
in Figure 5. Horizontal distance is measured starting from secondary ridge locations where slope evens out, down to the stream 
channel or adjacent to it.   
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Figure 18(b.) – Trends in downslope thickness paired with meteoric 
10
Be inventory values along one N-facing and three S-facing 
transect lines depicted in Figure 5. Horizontal distance is measured starting from secondary ridge locations where slope evens 
out, down to the stream channel or adjacent to it.    63
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Figure 19 – Mobile regolith thickness of all hillslope pits plotted 
against (a.) local slope and (b.) curvature. Pits in upper Gordon 
Gulch reflect the overall gentler slopes of the area, while 
thickness in lower Gordon Gulch shows no strong dependence 
on slope, regardless of hillslope aspect. Positive curvature values 
indicate divergent topography while negative values indicate 
convergent topography, with the majority of hillslope pits 
clustering around 0, indicating planar topography.  
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Figure 20 – Topographic controls on thickness 
values across the basin, isolated to only data 
along transect lines. Local slope, curvature, 
and flow length values were extracted using 
LIDAR data.     
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Figure 21 – (a.) 10Be inventories track strongly with thickness values because of the high 
sensitivity to the h variable during calculation. Dotted line shows a 1:1 trend of thickness 
vs. inventory with constant concentration, indicating some measured inventories falling 
either below or above expected values. (b.) Comparing to reference ridge-top locations 
with minimal input from upslope, relative inventories show that only pits likely to be 
affected by transient conditions (i.e. toe slopes) deviate significantly from an expected 
downslope inventory.   
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Figure 22 – Topographic controls on 
relative inventory values calculated as 
the deviation from an expected 
inventory based on a constant 10Be 
concentration. Slope, curvature, and 
flow length do not appear to control 
the transport mechanisms responsible 
for adding or stripping 10Be 
downslope.        
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Table 1 - Meteoric 
10
Be Concentrations
UVM Sample Sample 
9
Be SUERC
a
Batch Mass Mass Corrected Concentration
ID Name g µg ID
48 NG1 0.468 301 VM48NG1 5.85E-12 ± 9.68E-14 2.52E+08 ± 4.16E+06
49 NG5 0.485 300 VM49NG5 8.80E-12 ± 1.30E-13 3.64E+08 ± 5.37E+06
64 NG5* 0.498 444 VMB64B 7.16E-12 ± 9.68E-14 4.26E+08 ± 5.76E+06
49 NG8 0.478 299 VM49NG8 6.51E-12 ± 1.02E-13 2.72E+08 ± 4.25E+06
49 NG9 0.497 300 VM49NG9 7.39E-12 ± 1.21E-13 2.98E+08 ± 4.90E+06
49 NG10 0.482 299 VM49NG10 5.59E-12 ± 1.02E-13 2.32E+08 ± 4.21E+06
49 NG69 0.500 299 VM49NG69 8.26E-12 ± 1.26E-13 3.30E+08 ± 5.02E+06
49 NG70 0.512 299 VM49NG70 4.19E-12 ± 8.46E-14 1.64E+08 ± 3.30E+06
49 NG71 0.510 298 VM49NG71 5.91E-12 ± 1.12E-13 2.31E+08 ± 4.36E+06
49 NG97 0.501 299 VM49NG97 5.78E-12 ± 1.08E-13 2.31E+08 ± 4.30E+06
49 NG98 0.536 299 VM49NG98 9.39E-12 ± 1.50E-13 3.50E+08 ± 5.61E+06
49 NG101 0.497 301 VM49N101 1.08E-11 ± 1.99E-13 4.38E+08 ± 8.05E+06
64 NG101* 0.517 399 VMB64O 7.06E-12 ± 4.52E-14 3.64E+08 ± 2.33E+06
49 SGG1B 0.485 300 VM49SG1B 5.55E-12 ± 1.21E-13 2.30E+08 ± 4.99E+06
49 WC112 0.488 299 VM49W112 1.26E-11 ± 2.36E-13 5.14E+08 ± 9.66E+06
61 NG1.2 0.502 446 VM61N1.2 9.73E-12 ± 1.03E-13 5.77E+08 ± 6.12E+06
60 NG2.2 0.516 449 VM60N2.2 6.35E-12 ± 6.44E-14 3.68E+08 ± 3.74E+06
60 NG3.2 0.481 447 VM60N3.2 4.97E-12 ± 4.94E-14 3.08E+08 ± 3.06E+06
61 NG4.2 0.500 443 VM61N4.2 6.59E-12 ± 8.59E-14 3.89E+08 ± 5.08E+06
60 NG5.2 0.512 445 VM60N5.2 7.39E-12 ± 7.34E-14 4.29E+08 ± 4.26E+06
60 NG6.2 0.495 445 VM60N6.2 5.51E-12 ± 5.25E-14 3.30E+08 ± 3.15E+06
60 NG7.2 0.510 446 VM60N7.2 7.50E-12 ± 6.75E-14 4.38E+08 ± 3.94E+06
60 NG8.2 0.516 445 VM60N8.2 5.78E-12 ± 6.19E-14 3.32E+08 ± 3.56E+06
60 NG10.2 0.502 446 VM6010.2 7.27E-12 ± 8.79E-14 4.32E+08 ± 5.22E+06
60 NG11.2 0.506 447 VM6011.2 5.58E-12 ± 5.72E-14 3.29E+08 ± 3.38E+06
60 NG12.2 0.493 447 VM6012.2 7.23E-12 ± 6.17E-14 4.37E+08 ± 3.73E+06
60 NG13.2 0.512 445 VM6013.2 6.29E-12 ± 5.89E-14 3.66E+08 ± 3.42E+06
60 NG14.2 0.494 446 VM6014.2 8.39E-12 ± 7.39E-14 5.06E+08 ± 4.46E+06
60 NG15.2 0.501 444 VM6015.2 9.37E-12 ± 8.18E-14 5.55E+08 ± 4.84E+06
60 NG16.2 0.515 445 VM6016.2 5.69E-12 ± 8.06E-14 3.29E+08 ± 4.66E+06
60 NG17.2 0.497 445 VM6017.2 4.00E-12 ± 3.93E-14 2.39E+08 ± 2.35E+06
60 NG18.2 0.506 445 VM6018.2 6.29E-12 ± 1.26E-13 3.70E+08 ± 7.38E+06
61 NGG3.2 0.492 444 VM61NG3N 5.40E-12 ± 6.28E-14 3.25E+08 ± 3.78E+06
a  SUERC samples referenced to NIST_27900; measured ratios blank corrected using long-term laboratory blank;
   uncertainty represents AMS counting statistics only
* Duplicate sample ran for method accuracy
Blank 
10
Be/
9
Be τ½=1.36 Ma
10
Be 
atoms/g
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Table 2 - Mobile regolith meteoric 
10
Be inventories
Pit Depth Regolith Bulk
sampled thickness density  concentration concentration
β,γ
ID cm cm g/cm
3
NG1 80 50 1.6 2.52E+08 3.57E+08
β,γ
± 2.73E+07 2.86E+10 ± 6.50E+09
NG5 50 35 1.6 3.64E+08 4.59E+08
β,γ
± 3.62E+07 2.53E+10 ± 7.24E+09
NG5* 35 35 1.6 4.26E+08 4.26E+08 ± 2.71E+07 2.35E+10 ± 6.35E+09
NG8 80 50 1.6 2.72E+08 3.63E+08
β,γ
± 2.93E+07 2.91E+10 ± 7.09E+09
NG9 60 50 1.6 2.98E+08 3.28E+08
β
± 2.04E+07 2.63E+10 ± 5.91E+09
NG10 80 75 1.7 2.32E+08 2.54E+08
β
± 1.54E+07 3.14E+10 ± 5.91E+09
SGG1B 60 60 1.6 2.30E+08 2.59E+08
β
± 1.60E+07 2.52E+10 ± 5.21E+09
NG3.2 55 30 1.6 3.08E+08 3.47E+08
γ
± 3.61E+07 1.63E+10 ± 5.47E+09
NG4.2 45 35 1.6 3.89E+08 3.89E+08 ± 2.47E+07 2.15E+10 ± 5.80E+09
NG5.2 35 30 1.6 4.29E+08 4.29E+08 ± 2.74E+07 2.01E+10 ± 5.94E+09
NG16.2 35 35 1.6 3.29E+08 3.29E+08 ± 2.09E+07 1.81E+10 ± 4.90E+09
NG17.2 55 30 1.6 2.39E+08 2.21E+08
γ
± 2.80E+07 1.04E+10 ± 3.72E+09
NG18.2 55 60 1.6 3.70E+08 3.70E+08 ± 2.28E+07 3.60E+10 ± 7.45E+09
SGG0 55 55 1.6 3.22E+08 3.22E+08 ± 2.02E+07 2.84E+10 ± 6.14E+09
SGG1 65 65 1.6 3.23E+08 3.23E+08 ± 2.02E+07 3.36E+10 ± 6.79E+09
SGG2 31 31 1.5 3.19E+08 3.19E+08 ± 2.13E+07 1.48E+10 ± 4.38E+09
SGG3 50 50 1.6 2.68E+08 2.68E+08 ± 1.68E+07 2.15E+10 ± 4.84E+09
NG69 100 95 1.7 3.30E+08 3.48E+08
β
± 2.06E+07 5.58E+10 ± 9.55E+09
NG70 70 70 1.6 1.64E+08 1.89E+08
β
± 1.15E+07 2.17E+10 ± 4.19E+09
NG71 50 30 1.6 2.31E+08 1.89E+08
β,γ
± 2.83E+07 8.89E+09 ± 3.39E+09
NG97 50 40 1.6 2.31E+08 2.66E+08
β
± 1.68E+07 1.68E+10 ± 4.24E+09
NG98 60 50 1.6 3.50E+08 3.80E+08
β
± 2.37E+07 3.04E+10 ± 6.85E+09
NG101 75 70 1.6 4.38E+08 3.55E+08
β
± 2.16E+07 4.08E+10 ± 7.89E+09
NG101* 75 70 1.6 3.64E+08 3.64E+08 ± 2.22E+07 4.18E+10 ± 8.09E+09
NG2.2 45 45 1.6 3.68E+08 3.68E+08 ± 2.31E+07 2.64E+10 ± 6.26E+09
NG6.2 75 45 1.6 3.30E+08 4.21E+08
γ
± 3.45E+07 3.02E+10 ± 7.74E+09
NG7.2 75 65 1.6 4.38E+08 4.38E+08 ± 2.68E+07 4.64E+10 ± 9.27E+09
NG8.2 205 145 1.8 3.32E+08 4.36E+08
γ
± 2.64E+07 1.13E+11 ± 1.70E+10
NG10.2 75 65 1.6 4.32E+08 4.32E+08 ± 2.65E+07 4.58E+10 ± 9.15E+09
NG11.2 55 45 1.6 3.29E+08 3.29E+08 ± 2.07E+07 2.36E+10 ± 5.59E+09
NG12.2 50 45 1.6 4.37E+08 4.37E+08 ± 2.75E+07 3.14E+10 ± 7.44E+09
NG13.2 45 30 1.6 3.66E+08 3.40E+08
γ
± 3.50E+07 1.60E+10 ± 5.34E+09
NG14.2 55 35 1.6 5.06E+08 5.79E+08
γ
± 5.05E+07 3.19E+10 ± 9.39E+09
NG15.2 95 85 1.7 5.55E+08 5.55E+08 ± 3.32E+07 7.87E+10 ± 1.41E+10
NGG3.2 65 60 1.6 3.25E+08 3.25E+08 ± 2.00E+07 3.16E+10 ± 6.54E+09
NGG1 145 145 1.7 3.40E+08 3.40E+08 ± 2.00E+07 8.38E+10 ± 1.28E+10
NGG2 120 120 1.7 2.20E+08 2.20E+08 ± 1.30E+07 4.50E+10 ± 7.17E+09
Mobile regolith 
10
Be
atoms/g
Pit averaged 
10
Be
 atoms/g
Mobile regolith 
inventory
δ
atoms/cm
2
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Table 2 (cont.) - Mobile regolith meteoric 
10
Be inventories
Pit Depth Regolith Bulk
sampled thickness density  concentration concentration
β,γ
ID cm cm g/cm
3
NGG3 65 65 1.6 3.44E+08 3.44E+08 ± 2.15E+07 3.58E+10 ± 7.24E+09
NGG4 40 40 1.6 4.19E+08 4.19E+08 ± 2.62E+07 2.68E+10 ± 6.72E+09
NGG5 45 45 1.6 4.81E+08 4.81E+08 ± 3.00E+07 3.46E+10 ± 8.18E+09
OSL 45 45 1.6 2.62E+08 2.62E+08 ± 1.64E+07 2.62E+10 ± 6.20E+09
WC11-2 250 250 2.0 5.14E+08 5.14E+08 ± 2.59E+07 2.55E+11 ± 3.08E+10
NG1.2 115 125 1.7 5.77E+08 5.77E+08 ± 3.31E+07 1.26E+11 ± 1.95E+10
α - All 10 Be concentration error values reported by SUREC AMS
β - Adjusted concentration accounts for discrepancies in depth sample spacing
γ - Adjusted concentration accounts for surplus material included in sample
δ - Inventory error accounts for a ± 0.1 g cm -3  error associated with density values and a ± 5 cm error 
    associated with thickness values
* - Duplicate samples ran to test for method accuracy
Pit averaged 
10
Be Mobile regolith 
10
Be Mobile regolith 
inventory
δ
 atoms/g atoms/g atoms/cm
2
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Table 3 - Bulk Density Summary
Sample Depth Bulk Density Horizon Bulk Density 
cm g/cm^3 g/cm^3
0-15 (n=37) 1.5 A (n=52) 1.5
15-40 (n=42)* 1.6 Cox (n=48)^ 1.7
40-70 (n=16)* 1.7 Sap (n=5) 2.0
≥70 (n=5)* 1.8
^Cox (B, BC, Bw, Cox descriptions)* excludes 5 saprolite samples                   (1 
from 15-40 cm, 2 from 40-70 cm and 2 
from >70 cm depth)
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Table 4 - Mobile regolith summary
Storage Average Hillslope aspect/ Average
designation thickness
a
Location*  thickness
cm cm
Hillslopes (n=191) 38.7 North-facing/upper (n=18) 48.6
Colluvial fill/toe slopes (n=7) 113.6 North-facing/lower (n=81) 39.6
Fans (n=2) 190.0 South-facing/upper (n=41) 35.6
Terraces (n=1) 80.0 South-facing/lower (n=52) 38.5
Storage Average Hillslope aspect/ Average
designation inventory Location* inventory
atoms cm
-2
atoms cm
-2
Hillslopes (n=36) 2.93E+10 North-facing/upper (n=3) 3.36E+10
Colluvial fill/toe slopes (n=3) 1.07E+11 North-facing/lower (n=16) 3.39E+10
Fans (n=1) 2.55E+11 South-facing/upper (n=4) 2.10E+10
South-facing/lower (n=13) 2.51E+10
a
 Averages represent minimums, as saprolite/bedrock was not reached in these pits
* Hillslope designations do not include values from other storage designation locations
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Appendix	  I	  -­‐	  Pit	  Data
Pit	  ID FID Reg	  Depth Pit	  ID FID Reg	  Depth
NG1* 92 50 NG54 142 26
NG2 104 20 NG55 143 33
NG3 115 30 NG56 144 15
NG4 126 35 NG57 145 25
NG5* 137 35 NG58 146 25
NG6 148 55 NG59 147 135
NG7 159 35 NG60 149 60
NG8* 170 50 NG61 150 70
NG9* 181 50 NG62 151 32
NG10* 93 75 NG63 152 48
NG11 95 27 NG64 153 36
NG12 96 10 NG65 154 20
NG13 97 40 NG66 155 15
NG14 98 45 NG67 156 25
NG15 99 35 NG68 157 65
NG16 100 17 NG69* 158 95
NG17 101 20 NG70* 160 70
NG18 102 28 NG71* 161 30
NG19 103 45 NG72 162 20
NG20 105 15 NG73 163 25
NG21 106 42 NG74 164 25
NG22 107 42 NG75 165 46
NG23 108 36 NG76 166 25
NG24 109 30 NG77 167 26
NG25 110 55 NG78 168 20
NG26 111 60 NG79 169 38
NG27 112 35 NG80 171 15
NG28 113 70 NG81 172 22
NG29 114 40 NG82 173 25
NG30 116 25 NG83 174 23
NG31 117 17 NG84 175 20
NG32 118 30 NG85 176 25
NG33 119 35 NG86 177 35
NG34 120 30 NG87 178 55
NG35 121 30 NG88 179 37
NG36 122 15 NG89 180 26
NG37 123 23 NG90 182 75
NG38 124 35 NG91 183 40
NG39 125 60 NG92 184 38
NG40 127 50 NG93 185 43
NG41 128 20 NG94 186 40
NG42 129 33 NG95 187 25
NG43 130 50 NG96 188 25
NG44 131 62 NG97* 189 40
2011	  Gordon	  Gulch	  Pits
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Appendix	  I	  (cont.)	  -­‐	  Pit	  Data
Pit	  ID FID Reg	  Depth Pit	  ID FID Reg	  Depth
NG45 132 63 NG98* 190 45
NG46 133 25 NG101* 94 70
NG47 134 15
NG48 135 25
NG49 136 17
NG50 138 21
NG51 139 15
NG52 140 20
NG53 141 17
Pitd	  ID FID Reg	  Depth Pitd	  ID FID Reg	  Depth
7.17-­‐1 8 15 8.3-­‐1 199 42
7.17-­‐2 9 60 8.3-­‐2 202 35
7.17-­‐3 10 40 8.3-­‐3 205 35
7.17-­‐5 11 50 8.3-­‐4 198 30
7.17-­‐6 12 27 8.3-­‐5 201 35
7.17-­‐7 13 72 8.3-­‐6 204 25
7.17-­‐8 1 50 8.3-­‐7 197 35
7.17-­‐9 2 35 8.3-­‐8 200 31
7.17-­‐10 3 40 8.3-­‐9 203 30
7.17-­‐11 4 55 8.3-­‐10 55 70
7.17-­‐12 5 45 8.3-­‐11 206 45
7.17-­‐13 6 120 8.3-­‐12 54 38
7.18-­‐0 14 50 8.3-­‐13 209 32
7.18-­‐1 15 130 8.3-­‐14 208 22
7.18-­‐2 16 10 8.3-­‐15 207 23
7.18-­‐3 17 15 8.3-­‐16 56 33
7.18-­‐4 18 35 8.3-­‐17 210 30
7.18-­‐5 19 35 8.3-­‐18 57 30
7.18-­‐6 20 55 NG13.2* 60 30
7.18-­‐7 21 40 NG14.2* 59 35
7.18-­‐8 22 40 NG15.2* 58 85
7.18-­‐9 23 85 NG16.2* 63 29
NG1.2* 24 125 NG17.2* 62 25
7.21-­‐0 25 25 NG18.2* 61 55
NG2.2* 26 45
NG3.2* 27 25
NG4.2* 28 30
NG5.2* 29 25
NG6.2* 32 45
NG7.2* 30 65
NG8.2* 33 145
7.26-­‐1 34 >80
7.26-­‐2 35 35
7.26-­‐3 36 30
2012	  Gordon	  Gulch	  Pits
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Appendix	  I	  (cont.)	  -­‐	  Pit	  Data
Pitd	  ID FID Reg	  Depth Pitd	  ID FID Reg	  Depth
7.26-­‐4 37 55
7.26-­‐5 38 25
7.26-­‐6 39 70
7.26-­‐7 40 25
7.26-­‐8 41 22
7.26-­‐9 42 18
7.26-­‐10 43 22
7.26-­‐11 44 18
7.26-­‐12 45 33
7.27-­‐1 47 65
7.27-­‐2 46 37
7.27-­‐3 48 28
NG9.2* 49 43
NG10.2* 51 65
NG11.2* 52 45
NG12.2* 53 45
*	  -­‐	  Indicates	  pit	  sampled	  for	  10Be
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